The geometric parameters and quadratic force constants of dimethyl disulfide, methylethyl disulfide, and diethyl disulfide in all their stable conformations and transition state conformations have been obtained from ab initio Hartree-Fock calculations with a 3-21G* basis set. Thirteen scale factors applied to the ab initio force field allow the reproduction of 62 observed frequencies with an average error of 0.5%. Relationships between the SS and CS stretch frequencies and the conformer internal rotation geometry are obtained. The results reported here provide a good basis for further investigation of the vibrational spectra of proteins containing cystine residues.
INTRODUCTION
Raman spectroscopy has been widely used to investigate the conformation of S-S bridges in proteins [l-6], since it is not difficult to obtain spectra in both solid and aqueous systems and the SS stretch, v (SS), and CS stretch, v (CS ) , modes are relatively stronger than other bands in the spectra. However, as reviewed in our previous paper [ 71, considerable controversy exists regarding the correlation of these frequencies with the internal rotation angles associated with the disulfide group.
We have initiated a vibrational spectroscopic study of this group by analyzing the spectra of alkyl disulfides through ab initio and normal mode calculations (see ref. 7, designated I, for the first paper in this series). Although several normal mode calculations have been done on dialkyl disulfides [8-lo] and on a model of the S-S bridge in proteins [ 61, there are two major problems with these calculations. First, empirical force fields were used in which it was assumed that force constants are independent of the SS, 7( SS), and CS, 7( CS), dihedral angles. This contradicts results from CNDO/B [ 111 and ab initio [ 121 calculations, which show that the SS bond length varies with 7(SS). Therefore, the correlation between vibrational frequencies and the internal torsion angles could not be obtained in reliable detail. Ab initio calculations, which are presented in this paper, provide the variation of force field with 7(SS) and 7( CS ), and allow, with relatively few scale factors, the satisfactory reproduction of experimental frequencies. Based on such a scaled ab initio force field, normal mode calculations can thus provide a clear and reliable description of the correlation between the frequencies and torsion angles of the disulfide group. The second problem with the previous calculations is that they overlooked the difference between the structure in the real protein and that in the simple alkyl disulfides. We will treat this subject in later publications.
AB INITIO CALCULATIONS
The LCAO-MO-SCF restricted Hartree-Fock calculations were performed with the 3-21G* basis set, using the Gaussian 82 program for diethyl disulfide and methylethyl disulfide and the Gaussian 86 program for dimethyl disulfide. The geometries of conformers of C,H,SSC,H, were obtained, at energy minima and maxima with respect to the nuclear coordinates, for 7(CS) corresponding to the truns (T) andguuche (G ) (minima) and cis (C ) and skew (S ) (maxima) structures by simultaneous relaxation of all geometric parameters. (While we use these designations for angles near 180 ', 60 O, 0') and 120 ', respectively, we describe the minimum energy position of 7( SS), for convenience, as G even though its value is close to 90'. ) Similarly, calculations were done for structures at the energy minima of CH,SSC,H, as a function of 7( CS) and for structures at both energy minima and maxima of CH,SSCH, as a function z(SS). In contrast to previous studies, the conformations with respect to the z(CS) in C,H,SSC,H, are more properly classified in terms of C, G, S, T, S', and G', where the prime means a rotation of z(CS) opposite to that of 7( SS) , because we believe that the relative stability, geometry, and characteristic vibrational frequencies should be different for G and G', as well as for S and S'.
Some geometric parameters of C2H5SSC2H, are listed in Table 1 . Torsion angles together with relative energies of all conformers are listed in Table 2 . These parameters will be used in normal mode calculations of protein model structures, which will be published later. (The geometry optimization for the transition state of the S'GG' conformation did not converge with our procedure. Therefore 7( CS ) had to be fixed at a constant value, -125.5", which is the z(CS) for the S'GS' conformation, in optimizing all the other geometric parameters. ) The relative energies of GXG conformations of C,H,SSC,H, as 61 disulfide bridges, 42 conformers (69%) fell into the group of 7 designated as class I in Fig. 2 , 12 (20%) into the 6 of class II, and 8 (11%) into the remaining 8 of class III. (The G' GG' and S' GG' conformers are included in class I even though they have a higher energy because they are relatively numerous and represent the lowest energy strained, viz., small R (Cy -CF ), structures. ) The force fields in Cartesian coordinates for the disulfide molecules were calculated using the ab initio Gaussian 82 and Gaussian 86 (only for CH$SCHB) programs. Only the Gaussian 86 program calculated Raman and IR intensities, and because at this time we could not use it to calculate molecules larger than CH,SSCH,, such intensities were not obtained for CH,SSC,H, and C,H,SSC,H,. The calculations were carried out on an IBM-3090, except that the force fields of CH,SSC,H, and C2H5SSC2H5 were carried out on a Micro VAX II. Because of the extensive computations, the force field calculations for C,H,SSC,H, were carried out only for the six symmetric conformers, CGC, GGG, SGS, TGT, S'GS', G'GG', and one asymmetric conformer GGT, which is the second most stable conformer and for which some experimental frequencies are known.
NORMAL MODE CALCULATIONS
A total of 26, 36, and 46 internal coordinates were defined for dimethyl, methylethyl, and diethyl disulfides, respectively, in the traditional way [ 131, 2,3, and 4 of these, respectively, being redundant coordinates. The B matrices of these molecules in their various conformations were calculated in the standard manner. The F, matrices in Cartesian coordinates from the ab initio calculations were transformed into F matrices in internal coordinates in the following way. By diagonalizing the product matrix BB (where N indicates the transpose) with a unitary matrix U, the eigenvalue matrix r is obtained
~(BB)U=r
The non-zero eigenvalue matrix, To, and corresponding eigenvectors U. 
F=f%+F,B+
Since ab initio force constants generally give vibrational frequencies that are considerably higher than experimental values, the force constants must be scaled. The scaling procedure used was as follows. The internal coordinates were separated into different groups according to their chemical types, for example, CH stretch, CCH bend, HCH bend, etc., and a scale factor Ci was assigned to group i. Then the diagonal force constant Fii was multiplied by Ci and the off-diagonal force constant Fij by (CiCj) 1'2, or in matrix notation [ 141 where Fab is the F matrix in internal coordinates from the ab initio calculation. The Fab matrix obtained by the above procedure is a canonic F matrix [ 151. To keep the F matrix after scaling canonic, the following transformation was performed.
To check the B and F matrices obtained for each conformation, all scaling factors were initially kept fixed at a value of 1.0 in order to reproduce the pure ab initio calculated vibrational frequencies. Subsequently, scaling factors of 0.9 for stretching and torsional coordinates and 0.8 for bending coordinates were used to get vibrational frequencies, eigenvectors, and potential energy distributions (PED ) in the symmetry coordinates. The vibrational spectra were assigned by comparing the initial calculations with experimental data [ 16-191. The assignments were generally the same as in previous studies [ 8,9], except for some small modifications. The experimental frequencies used in the assignments and in the optimization of scale factors were modified slightly by our Raman results. Subsequently, the scale factors were optimized to give the best fit to the observed frequencies. The final scale factors are listed in Table  3 . These scale factors also apply to the selected ab initio force constant set, to be published in our next paper [ 201, which is the basis for normal mode calculations on more complex molecules. The observed frequencies for low energy Tables 4-6 . It can be seen from these results that the ab initio force field allows for a more detailed description than do the empirical force fields [ 8, 9] . For example, the best of these previous calculations [ 91 gave almost the same frequencies (2 cm-l difference) for the four v (CS) frequencies of the GGG and GGT conformers of C,H,SSC,H,. This is not consistent with the experimental data, which show that the v (CS) frequency of the GGT conformer is about 27 cm-' higher than that of the GGG conformer, in good agreement with our calculations. Moreover, in our Raman polarization experiments [ 201, when the electric vector of the scattered beam is rotated from the parallel to the perpendic- (93) "Ref. 16; in cm-'. bPotentiaI energy distribution, components 2 10%; a=antisymmetric, s = symmetric; s = stretch, b = bend, r = rock, tor = torsion. (20) "Refs. 17 and 19; in cm-' . Values marked with an asterisk are from infrared spectrum; others from Raman spectrum. bPotential energy distribution, components 2 10%: a=antisymmetric, s = symmetric; s = stretch, b = bend, w = wag, tw = twist, r = rock, tor = torsion. ular orientation, the v (CS) frequency of C,H,SSC,H, at 643 cm-l shifts down 3 cm-l. Because of limitations on experimental resolution and the overlapping of three Y (CS) modes, it is expected that the real difference between the frequencies of the symmetric and antisymmetric stretching modes is probably more than 3 cm-l, which is consistent with our calculation which gives the difference of these two frequencies as 8 cm-'. We found a similar frequency red-shift, 3.5 cm-', in the spectrum of CH,SSCH,, although only a 1 cm-l redshift was reported previously [ 161.
The present assignments of v (CS) modes of C,H,SSC,H, (643 and 640 cm-l) and CH3SSCH3 (694 and 691 cm-') are based on our Raman polarization experiments, which indicate that the symmetric v (CS) mode is higher than the antisymmetric mode. The symmetric CCH, torsion frequency of GGG C,H,SSC,H, is predicted at 253 cm-' and the corresponding frequency of the GGT conformer is at 260 cm-' by our calculations. Therefore we assign the Raman band at 255 cm-' to the overlap of these modes (Table 6 ), whereas Sugeta [9] assigns the 255 cm-' band to the CCH3 torsion of only the GGT conformer. The CH, twist mode by a previous calculation [9] is much purer (92% ) than by our calculation; unfortunately, it is difficult at present to determine the approximate PED values from experimental data. For CH3SSC2H5, our assignments are very similar to Sugeta's [ 91 except in the PED values for the CH2 twist mode. Additionally, the SSC bend frequency of the GT con-former, 248 cm-l, is by our calculation 12 cm-' lower than Sugeta's value [9] and is thus closer to the experimental value. The only difference in the assignments for CH,SSCH, is in the CH3 rock vibration. The calculation of Sugeta et al. [2] gives the symmetric CH, rock a higher frequency, 950 cm-', than the corresponding antisymmetric mode, 948 cm-', whereas our calculation predicts the opposite, 958 (B) and 952 (A) cm-', which is consistent with the observed and calculated Raman and IR intensities (see Table 4 ).
FORCE CONSTANTS AND VIBRATIONAL FREQUENCIES AS A FUNCTION OF CS TORSION ANGLE
The variation of the SS stretch force constant, f(SS), and the SS stretch frequency with r( SS) in CH,SSCH, were shown in Fig. 1 of our previous paper [ 71. A similar variation was found in C,H,SSC,H, from our present calculations. We have therefore assumed that f(SS) in C,H,SSC,H, varies in the same way as in CH,SSCH,. Since we found that the v(SS) and v (CS) frequencies are more dependent on r(CS) than on r(SS), we have studied the correlation with r( CS ) in more detail. (The variation off( SS) and v (SS) with r( SS ) in CH,SSCH, is quite small near the optimum conformation [ 71: f( SS) decreases by -0.03 mdyn A-' for a ? 15" change from r(SS) =84",and~(SS) decreases by -1.5 cm-' for a 215" change from r(SS)=93".
In our next paper [ 201, we will show how to make corrections to the following results for small changes in r(SS).)
Normal mode calculations were done for all 21 possible conformers of C,H,SSC,H, using the full scaled ab initio force field described above. All of the geometric parameters for the asymmetric conformers were taken directly from the ab initio calculations (see Table 1 )) while the F matrices had to be determined by approximation. Our method is illustrated by the CGG conformer. In this case, all the force constants for the cis side were taken from the values for the CGC conformer, and for the gauche side from the GGG conformer. The diagonal SS stretch and SS torsion force constants and all the offdiagonal constants belonging to both sides were taken as the average value from both CCC and GGG conformers. The off-diagonal elements of SS stretch and SS torsion received 3/4 of their value from the symmetric conformation corresponding to the side of the molecule in which the internal coordinate other than SS stretch or SS torsion was located and l/4 from the other symmetric conformation. The frequencies calculated using this algorithm for the GGT conformer were very close to those obtained directly from the scaled ab initio force field, with at most 1 or 2 cm-l difference.
The I, (SS) and v(CS) frequencies of the symmetric conformer of C,H,SSC,H, are plotted as a function of r(CS) in Fig. 3 and the V( SS) and v(CS) frequencies for all 21 conformations are listed in Table 2 . Because the v(CS) frequency splits for the symmetric C2H5SSC2H5, the average value of
